fication processes (Solomon et al., 2002). Soil organic matter is a complex material consisting of plant biopoly- and microscale x-ray spectroscopy techniques such as trial ecosystems.
recently confirmed that anthropogenic greenabout the chemical composition, microheterogenity, and house effect is a reality (IPCC, 2001 ). Analysis of landphysical allocation of organic and mineral materials in use changes through forest clearing to agricultural land soils (Kö gel-Knabner, 2000; Scheinost et al., 2001) . A has shown that global terrestrial ecosystems are net more recent addition to the ensemble of microscale sources of C emission (1.7 Ϯ 0.8 Pg C yr
Ϫ1
) to the atmophysical and chemical characterization techniques is sphere (IPCC, 2001) . Soils contain the principal organic synchrotron-based scanning transmission x-ray micros-C pool (1220-1550 Pg) of the terrestrial C reserves (2300 copy (STXM), a powerful method created through adPg) (Lal, 2001 ) and its transformation is an important vances in x-ray microfocusing techniques and access to element in the global C cycle. Land-use changes affect a high flux source of soft x-ray photons generated by not only the amount but also the composition of SOM synchrotron light sources. Synchrotron radiation is a through their influence on the decomposition and humilight emitted by highly relativistic electrons as they transit the magnetic fields used to guide them along a closed D. Solomon, J. Lehmann, J. Kinyangi, and B. Liang, Cornell Univerorbit (Lobo et al., 2002) . The emitted radiation extends SOIL SCI. SOC. AM. J., VOL. 69, JANUARY-FEBRUARY 2005 from microwaves to the hard x-ray region. By connectstudy the chemistry of samples that are smaller and/or ing a tunable monochromator to the STMX, NEXAFS more dilute in concentration in a nondestructive manner spectra close to the C K-edge, at the first 30 eV above (Martin and McKinney, 1998) . The use of ATR may the actual electron binding energy for C (284 eV) (Stö hr, provide an extra advantage by eliminating some of the 1992; Gutié rrez- Sosa et al., 1999; Rothe et al., 2000) problems associated with transmission infrared speccan be collected. This region usually shows the largest troscopy such as path length, concentration, and intervariation in the x-ray absorption coefficient and is often ference of water bands in the humic substance spectra dominated by intense narrow resonances (Stö hr, 1992) .
due to the hygroscopic nature of KBr used for the prepaCarbon NEXAFS features arise from electronic transiration of conventional FTIR pellets (Tanaka et al., tions of an inner-shell electron to unfilled molecular 2001). orbitals or conduction bands. As the incident photon
The objectives of the present study were, therefore, energy increases throughout an absorption edge, first (i) to assess the potentials of C (1s) NEXAFS and synstructures associated with excitation to the lowest unchrotron-based FTIR-ATR spectroscopy to qualitaoccupied molecular orbital (LUMO), which are * antitively and quantitatively characterize the functional bonding orbitals and mixed Rydberg/valence states for groups of organic C and their distribution in organounsaturated molecules (double or triple covalent bonds) mineral particles of soils and (ii) to investigate the usewill appear. As the incident photon energy increases, fulness of these techniques to evaluate the impact of the ionization threshold will be exceeded whereby the deforestation and land-use changes on the composition core electron may be completely removed from the inof organic C in size separates. The results from C (1s) fluence of the core hole; that is, the electron will be pro-NEXAFS and FTIR-ATR spectroscopy were related to moted to continuum. Above the ionization threshold of the organic C functional groups determined using 13 C C (approximately 290 eV) but still within the NEXAFS nuclear magnetic resonance (NMR) spectroscopy (Soloregion, structures associated with higher energy unoccumon et al., 2002) . pied molecular orbitals (HUMO), typically of * character associated with saturated (single) covalent bonds, and direct inner-shell ionization are anticipated (Stö hr, 1992; Cody and Botto, 1995; Scheinost et al., 2001 ). The unoccupied electronic structure and thus the inner-shell Site Description and Sample Preparation excited states are determined by the geometric and elecThe present study was conducted on soil samples collected tronic (bonding) structure of the sample. These features from the southwestern highlands (Wushwush) and the southmake NEXAFS element specific and also very sensitive eastern Rift Valley escarpment (Munesa) of Ethiopia. Wushto the bonding environment thus making it a powerful wush is located at 7Њ19Ј N lat. and 36Њ07Ј E long. The altitude tool to identify and fingerprint the chemical structure of the area is 1900 m above sea level. Mean annual temperature of organic C from the fine scale details of the absorption is 18ЊC with an average annual precipitation of 1800 mm. The spectrum that occur at its edge. Carbon (1s) NEXAFS soils of the area have clayey texture, dark reddish brown color, has been effectively employed in the past to study coal and are classified as Plinthaquic Paleudalfs (Soil Survey Staff, (Cody and Botto, 1995; Cody et al., 1995 Cody et al., ), humic sub-1999 . The Munesa site is located at 7Њ35Ј N lat. and 38Њ45Ј E stances (Rothe et al., 2000; Schmidt et al., 2000a) (Schnitzer and Khan, 1972; Stevenson and are normally collected and used as animal feed at both sites. Goh, 1971; Inbar et al., 1989; Haberhauer et al., 1998) .
MATERIALS AND METHODS
Detailed descriptions of the vegetation and other site charac-
The FTIR spectra of such macromolecules contain a teristics of the study area were provided in Solomon et al. variety of bands that are diagnostic and could serve as (2002) . We selected three representative fields from each landa valuable tool to characterize the principal classes of use system and collected nine subsamples in a radial sampling chemical groups of which SOM is comprised. In the scheme (Wilding, 1985) After removing visible root remnants, 30 g of soil was ultrasonically treated with an energy input of 60 J mL Ϫ1 using a Characterization of the humic substances extracted from probe type sonicator (Branson Sonifier W-450, Schwä bisch the clay and the silt size separates using C (1s) NEXAFS was Gmü nd, Germany) in a soil/water ratio of 1:5 (w/v). The coarse done at the X-1A1 beamline of the National Synchrotron sand-size separates (250-2000 m) were isolated by wet sievLight Source (NSLS), Brookhaven National Laboratory using ing. To completely disperse the remaining material in the the STXM endstation. The essential components of the STMX Ͻ250-m suspension, ultrasound was again applied with an used in the present experiment were a tunable undulator, energy input of 440 J mL Ϫ1 in a soil/water ratio of 1:10 (w/v).
which is inserted in the 2.8 GeV electron storage ring generatThe clay-size separates (Ͻ2 m) were separated from the ing a high flux photons at 10 6 spatially coherent photons s Ϫ1 silt (2-20 m) and fine sand (20-250 m) size separates by in the soft x-ray region, a spherical grating monochromator repeated centrifugation. The silt size separates were separated with maximum spectra resolving power of 5000 lines mm
Ϫ1
, from the fine sand-size separates by wet sieving. Coarse and a 160-m Fresnel zone plate with a normal spatial resolution fine sand separates were combined and finally all size sepaof 45 nm and a proportional counter to detect the transmitted rates were dried at 40ЊC before grinding them for chemical photons (Neuhä usler et al., 1999; Scheinost et al., 2001 ). The analysis. The detailed procedure of isolation of the different beamline slit width was set up at 40 um for the entrance slit, size separates is described elsewhere (Solomon et al., 2002) .
25 m for the vertical exit slit and 25 m for the horizontal exit slit. The monochromator was calibrated using the absorption band of CO 2 .
Chemical Analysis
Films of humic substance samples were prepared from the Carbon and N contents of the clay and silt fractions were aqueous suspension obtained by dispersing them in Millipore analyzed by dry combustion using a C/H/N/S-analyzer (Elewater using ultrasound bath for sample uniformity. We transmentar Vario EL; Elementar Analysensysteme GmbH, Haferred 3-L droplets of the aqueous suspension to 100-nm nau, Germany). The pH-KCl was determined in 1:2.5 (w/v) thick Si 3 N 4 windows (Silson Ltd, Northampton, England) and suspensions. Cation exchange capacity (CEC) was determined dried the suspension at 35؇C. After high-resolution microwith 1 M NH 4 OAc (ammonium acetate) (pH ϭ 7.0) according graphs of the samples were taken using the STXM to locate to Avery and Bascomb (1974 Mehra and Jackson (1960) and Blume the grating from 280 to 310 eV on a single spot with 120 ms and Schwertmann (1969) . Selected soil physical and chemical dwell times in steps of 0.1 eV. Before each sample scan, backcharacteristics are shown in Table 1. ground spectra (I 0 ) were collected in triplicates (as mentioned above) through the sample free region of the same Si 3 N 4 win-
Humic Substance Extraction
dows and averaged. The spectra were deconvoluted using arctangent function The extraction procedure of humic substances for NEXAFS (AT) for the ionization step at 290 eV with full-width at halfand FTIR-ATR spectroscopy followed the outline in Solomon maximum (FWHM) of 0.4 eV to generate a continuum of et al. (2003) . The humic substances from the clay and silt spectrum up to 294 eV. The FWHM of the Gaussian peaks fractions were extracted three times with a 0.1 M NaOH and (G) was set at 0.4 eV and six Gaussian functions representing 0.4 M NaF mixture at 1:5 (w/v) ratio and the combined extracts the main 1s-* transitions at 284.3 (G1), 285.0 (G2), 286.5 were filtered through a 0.2-m membrane filter (Gelman Su-(G3), 287.3 (G4), 288.4 (G5), and 289.3 (G6) eV and two por; Pall Gelman Laboratory, Ann Arbor, MI) under pressure. second higher (1s-2*) transitions at (289.1 and 289.7 eV, This procedure was repeated using the same membrane filter, data not shown) were resolved (Cody et al., 1998 ; Scheinost where the partial plugging of the filter helps remove fine clay. et al., 2001; Schä fer et al., 2003) . Moreover, two Gaussian Finally the extracts were dialyzed (Spectra/Por Membrane, peaks for * transitions (  1 and   2 ) were simulated with MWCO, 12 000-14 000 Da; Spectrum Laboratories, Gardena, FWHM of Ͻ1 and Ͻ2 eV using WinXAS version 3.0 for CA) and freeze-dried. The NaOH-NaF solution extracted windows (WinXAS Software, Hamburg, Germany). The specfrom 52 to 64% of the total SOM from the particle-size separates of the soils under investigation. tra were pre-edge normalized using WinXAS version 3.1 to avoid spectral dependence on the total C content; therefore, spectral properties are indicative of changes in C chemistry (Jablonski et al., 2003) . Since the fine structure in the C NEXAFS region above 290 eV transitions tends to be very broad and overlap (Cody et al., 1998; Schä fer et al., 2003) , only main 1s-* transitions were used for subsequent quantification and interpretation of the C (1s) NEXAFS results in the present investigation.
Fourier Transform Infrared Spectroscopy
The synchrotron-based FTIR-ATR experiment was performed on the U10B beamline at the National Synchrotron Light Source (NSLS), Brookhaven National Laboratory. The beamline is equipped with a Spectra Tech Continuum IR microscope fitted with 32x transmission/reflection and FTIR step-scan spectrophotometer (Nicolet Magna 860, Thermo Nicolet Corp., Madison, WI) with a KBr beam splitter and mercury-cadmium-telluride (MCT) detector with 500-to 7000- slight overlap between the bands associated especially of the total organic C in the humic substances associated with silt fraction. The C 1s-* transition of O-alkyl-C with 1s-3p/* transitions of aliphatic-C near 287.3 eV and 1s-* transitions carboxylic-C near 288.4 eV may located near 289.3 eV represented on average 36.8%, while the primary peaks around 284.3 and 285.0 eV, not be excluded (Fig. 1) . The existence of regions of overlap in C K-edge NEXAFS near 287 and 288 eV which correspond to excitations of aromatic-C comprised 11.0% of the organic C identified by C K-edge have been also reported in the past by Cody et al. (1998) .
The C (1s) NEXAFS spectra and the relative propor-NEXAFS spectroscopy from the silt fraction. The phenolic-C and 1s-* transition of aliphatic-C accounted on tions of different C functional groups in the humic substances extracted from clay and silt fractions of the average for 6.3 and 4.9% of the organic C, respectively (Table 2 and 3). The results from both size fractions Wushwush and Munesa sites are shown in Fig. 2 and 3 and in Table 2 and 3, respectively. The C (1s) NEXAFS thus indicate that carboxylic-C and O-alkyl-C groups were the dominant forms of organic C, followed by modspectra of the humic substances extracted from clay fraction (Fig. 2a and Fig. 3a) indicate that this size sepaerate amounts of aromatic-C and phenolic-C groups.
The aliphatic-C forms contributed only to a small porrate was dominated by strong C 1s-* transition of carboxylic-C. This organic C functional group repretion of the total SOM associated with humic substances extracted from both the clay and silt fractions. These sented on average about 36.5% of the total organic C identified by C K-edge NEXAFS spectroscopy. The C results are in line with the C (1s) NEXAFS results of Rothe et al. (2000) and Schä fer et al. (2003), where 1s-* transition of O-alkyl-C is the second dominant organic C moiety accounting on average for 23.8% of large amounts of carboxyl-C and O-alkyl-C moieties were reported in humic substances. They are also parthe total organic C, while almost similar proportions of phenolic-C (14.6%) and aromatic-C (14.1%) were found tially consistent with the results of Jokic et al. (2003) , where large proportions of O-alkyl-C and carboxylic-C in the clay fraction. The C 1s-3p/* transition of aliphatic-C represented on average only 11.0% of the total followed by aromatic-C and alkyl-C have been observed by C K-edge studies from the surface layers (approxiorganic C isolated by C NEXAFS spectroscopy from humic substances extracted from clay fraction of the mately 10 nm) of wetland soils using total electron yield (TEY) mode. Jokic et al. (2003) , however, reported an soils under investigation (Table 2 and 3). Deconvolution of spectra from the silt fraction shows that the C 1s-* increase in the proportion of aliphatic-C compared with both carboxylic-C and aromatic-C from the same soils transition of carboxylic-C comprises on average 41.0% using fluorescence yield (FY) that probes deeper (apspectroscopy indicates that regardless of the large losses of SOC in the clay (from 22 to 44%) and silt (from 41 proximately 100 nm) in to the sample. Examination of the NEXAFS spectral features revealed also small but to 78%) following management changes (Solomon et al., 2002) , the NEXAFS spectral features did not reveal consistent differences in the peak intensities of the organic C functional groups identified from the humic clear and consistent differences in relative abundance of the various organic C functional forms in the humic substances extracted from clay and silt fractions. The most prominent changes in the C K-edge NEXAFS substances extracted from the size separates of soils among the contrasting land-use systems ( Fig. 2 and 3 spectra were indicated by the C 1s-* transition intensities between 284.3 and 288.4 eV ( Fig. 2 and 3 ). The and Tables 2 and 3) . These results are in accordance with previous studies (Skjemstad et al., 1986 ; Capriel et intensity of C 1s-* transitions of C functional groups between these absorption bands were generally larger al., 1992; Guggenberger and Zech, 1999; Solomon et al., 2002) where, despite large losses in SOM contents and more well resolved in the clay fraction compared with the corresponding silt fraction. These features may following land-use changes,
13
C NMR spectroscopy failed to show significant differences in the structural makereflect lower proportion of these organic C moieties in the SOM associated with the silt fraction.
up of SOM. To evaluate the deconvolution procedure used for Comparisons of the results from C K-edge NEXAFS We investigated the structural composition of organic that it is a useful technique to detect systematic changes C and the changes in the composition of SOM induced in the organic C functional groups in humic and fulvic by management practices in the humic substances exacid that were extracted from the same soil type. We tracted from clay and silt fractions of soils using synchrocalculated correlation coefficients between the C functron-based FTIR-ATR spectroscopy. The FTIR-ATR tional groups identified by C (1s) NEXAFS and 13 C spectra of the clay and silt fractions (Fig. 4 and 5) showed NMR spectroscopy (Solomon et al., 2002) from the hua number of characteristic major absorbance peaks repmic substances under investigation. We found positive resenting the molecular structure of humic substance correlation (P Ͻ 0.05; n ϭ 12) between the aromatic-C extracts of the two size separates in the frequency range (r ϭ 0.64), phenolic-C (r ϭ 0.74), carboxylic-C (r ϭ of 4000 to 800 cm ). The weak stretch vibration bands at relationship was weak, the proportions of aliphatic-C about 2922 and 2851 cm Ϫ1 were due to vibrations of isolated by C K-edge NEXAFS were also positively asymmetric and symmetric aliphatic (CH 3 and CH 2 ) correlated (r ϭ 0.12) with the corresponding values of groups (Chen et al., 2002) . The broad band near 1626 alkyl-C from 13 C NMR spectroscopy. The weak correlacm Ϫ1 was assigned primarily to aromatic-C (CϭC) vibration between alkyl-C isolated by C K-edge NEXAFS tions and to a smaller extent to conjugated carbonyl-C and 13 C NMR spectroscopy might be explained by the (CϭO) such as quinones, while the band around 1413 weak character of the mixed valance/Rydberg-like trancm Ϫ1 may have originated from aliphatic (C-H) deforsitions of aliphatic-C which results in lower C NEXAFS mation of CH 2 or CH 3 groups (Stevenson, 1982) . The band intensities of these organic C structures as comband which appeared in the 1252 cm Ϫ1 region could arise pared with the strong carboxylic-C * transition (Cody from C-O stretching and OH deformation of carboxylic et Scheinost et al., 2001) . It may also be due (COOH) groups. The strong band at about 1046 cm
Ϫ1
to the slight overlap of band positions of these two C could be attributed to C-O stretching vibrations of polyfunctional groups, which may lead to underestimation saccharides (Stevenson, 1982; Haberhauer et al., 1998) . of the aliphatic-C and overestimation of the carboxyThe relative proportions of organic C functional groups lic-C structures by NEXAFS spectroscopy compared calculated from peak intensities of the humic substances with the relatively larger amount of alkyl-C (16.1-26.2%) extracted from clay and silt fractions are summarized measured by 13 C NMR spectroscopy from the humic in Table 4 and 5. According to Fig. 4a and 5b, the clay substances under investigation (Solomon et al., 2002) . spectra were characterized by the appearance of sharper However, with the exception of the slight overlap beand more intense peaks around 3374, 1626, and 1046 tween the aliphatic-C and carboxylic-C moieties, the cm Ϫ1 regions indicating the presence of large proporcharacteristic band positions were sufficiently separated tions of H-bonded hydroxyl groups of phenols, aroto allow discrimination of organic C functional groups matic-C, and polysaccharides-C in this size separate. using the deconvolution method. Therefore, C K-edge These organic C functional groups represented on aver-XANES spectroscopy is a useful technique for detecting organic C functional groups and to follow their dynamics age 20.7, 21.9, and 19.3% of the total organic C identified CH 2 ) groups. ‡ Aliphatic, aliphatic (C-H) deformation of CH 2 or CH 3 groups. § Aromaticity ϭ (aromatic-C)/(Phenol-C ϩ Aliphatic-C ϩ Aromatic-C ϩ Aliphatic-C ϩ Aliphatic-C ϩ Carboxylic-C ϩ Polysaccharide-C). # Polysac-C/Arom-C, (Polysaccharide-C/Aromatic-C).
by the FTIR-ATR spectroscopy in the humic substances C-O stretching vibrations of polysaccharides (11.5%) were much smaller in the humic substances extracted extracted from the clay fraction, respectively (Table 4 and 5). Asymmetric and symmetric aliphatic-C groups from silt than from clay-size fractions. This was further demonstrated by the lower average value for the ratio accounted on average for 15.2% of SOM associated with the clay. The proportion of aliphatic-C deformation of polysaccharide-C/aromatic-C (polysac-C/arom-C) in the humic substances extracted from silt (0.51) fraction of CH 2 or CH 3 groups amounted for 13.1%, whereas C-O stretching and OH deformation of carboxylic compared with the humic substances extracted from clay (1.02) fraction (Table 4 and 5). These results clearly (COOH) groups comprised only 9.8%. The spectral patterns and the proportions of the phenolic-C, aromatic-C, indicate that the SOM associated with the silt fraction was more aromatic compared with the SOM associated and polysaccharide-C moieties in the humic substance extracted from clay fraction were in reasonable agreewith the clay fraction, while the humic substances extracted from the silt contain lower amount of carbohyment with the NEXAFS results from this size fraction. However, compared with the FTIR-ATR results, the drates than the ones extracted from the clay. They also supports our previous study on these soils using 13 C proportion of carboxylic-C seems to be overestimated and the proportion of aliphatic-C underestimated by C NMR spectroscopy and wet-chemical analysis, where we found lower aromaticity and larger enrichment of K-edge spectroscopy. The FTIR-ATR spectra of the humic substances from silt fraction (Fig. 4b and 5b) carbohydrates (especially microbial-derived sugars such as galactose, mannose, fucose, and rhamnose) in SOM exhibited distinct differences in the composition of organic C functional groups compared with the spectral associated with the clay than with the silt fraction (Solomon et al., 2002) . Loss of O-alkyl C structures and an pattern of the clay fraction. They contained larger proportions of aromatic-C (25.5%) as shown by a more increased accumulation of aromatic-C (probably from lignin and tannins) in silt compared with clay have been pronounced absorption band at around 1626 cm
. This was also indicated by the higher ratio of aromaticity also observed by Schmidt et al. (2000b) . The fact that potentially labile polysaccharides accumulate in the clay (aromatic-C/phenolic-C ϩ aliphatic-C ϩ aromatic-C ϩ aliphatic-C ϩ carboxylic-C ϩ polysaccharide-C) in the fraction could be attributed to the higher production of microbial metabolites and their intimate association and silt (0.26) than in the clay (0.22) fraction (Table 4 and 5). In contrast to the clay, the silt fraction showed slightly stabilization against mineralization in clay minerals (Oades et al., 1987; Guggenberger et al., 1994 ; Solomon larger proportions of asymmetric and symmetric aliphatic-C (CH 3 and CH 2 ) (19.7%) groups. However, both et al., 2000) . Schmidt and Kö gel-Knabner (2002) suggested that sorptive organo-mineral interactions with the peak intensities and the average proportions of the The FTIR-ATR spectra (Fig. 4 and 5 ) and the relawho suggested that tillage of native soils can cause loss of more readily decomposable fractions, potentially tive proportions of the signal intensities (Table 4 and 5) also clearly demonstrated the long-term impact of landleading to an increase in the proportions of the more recalcitrant aromatic C forms in the SOM at the aduse on the different organic C functional forms present in the size separates of these tropical soils. The most vanced stage of decomposition. They also compared positively with the statistical analysis of published 13 C striking changes in the signal intensities of FTIR-ATR spectra of the humic substances extracts of particle-NMR data by Mahieu et al. (1999) , which showed that humic acids from cultivated soils have higher concentrasize fractions under different land-use systems appeared near 1046 and 1626 cm Ϫ1 regions, which represent C-O tion of aromatic C than humic acids from non-cultivated soils. stretching vibrations of polysaccharides and aromatic C (CϭC), respectively ( Fig. 4 and 5) . The FTIR-ATR The FTIR-ATR spectral features and the peak intensity values also indicated accumulation of some aliphatic spectra of humic substances from the natural forests were distinguished from the plantations and cultivated structures in the humic substances extracted from the size separates of soils from the natural forests and plansoils by more intense C-O stretching vibrations of the polysaccharide region. According to Table 4 and 5, this tations than the cultivated fields. This was shown by the intensities of the peaks produced by vibrations of signal intensity expressed as the relative proportions of C-O stretching vibrations of polysaccharides decreased asymmetric and symmetric aliphatic (CH 3 and CH 2 ) groups (Fig. 4 and 5 and Table 4 and 5). These findings in the order: natural forests Ͼ plantations Ͼ cultivated fields both in the clay and silt fractions at the Wushwush are in general agreement with previous investigations on the fate of organic C moieties during composting of and Munesa sites. The decrease in signal intensities and relative proportions following land-use changes reorganic matter (Inbar et al., 1989) or humification of SOM in forest-derived soils (Kö gel-Knabner, 1993; Haflected an enrichment of carbohydrates in the humic substances extracted from the size separates under natuberhauer et al., 1998), where a decrease of aliphatic chains following decomposition of organic matter was ral forests compared with the corresponding size separates under long-term plantation and continuous cultiobserved. However, the decrease in the signal intensities of the asymmetric and symmetric aliphatic groups was vation. The lower carbohydrate concentrations in the arable soils may be attributed to the lower biomass input not complimented by the trend of aliphatic (C-H) deformation of CH 2 or CH 3 groups, which showed a small coupled with the rapid depletion of polysaccharides due to accelerated mineralization of the original SOM folbut consistent increase in the peak intensities in the humic substances extracted from the cultivated soils. In lowing clear-cutting and long-term continuous cultivation under the subhumid tropical highland environment.
comparison, the changes in the relative proportions of C-O stretching and OH deformation of carboxylic These results are in agreement with our previous study on these soils using degradative wet-chemical analysis (COOH) groups and H-bonded hydroxyl (O-H) groups of phenols in the humic substance extracts following and 13 C NMR spectroscopy, where we found lower concentrations of non-cellulosic carbohydrates in SOM asland-use changes were small and inconsistent at both sites. sociated with the size separates of the plantations and continuously cultivated soils compared with the corre- Haberhauer et al. (2000) and Pé rez et al. (2004) suggested that although FTIR spectroscopy can be used for sponding size separates of the natural forests (Solomon et al., 2002) . In contrast, the absorption band intensity identification of functional groups and determination of their relative distribution, it does not provide detailed and the relative proportion of aromatic-C (CϭC) vibrations increased in the order: natural forest Ͻ plantainformation about chemical or structural changes in humic acids in studies involving short-term conversions of tion Ͻ cultivation at both sites, indicating that more recalcitrant aromatic forms are becoming the dominant forest to cultivated land or pastures. On the contrary, the changes in ratios, proportions and peak intensities of forms of organic C functional groups in the humic substances extracted from the plantation and cultivated the FTIR-ATR spectral patterns observed in the present investigation clearly indicate that easily degradable soils following land-use changes. The above results were also supported by the polysac-C/arom-C ratios and by SOM constituents such as polysaccharide-C and some aliphatic-C moieties were oxidized due to accelerated the degree of aromaticity of the humic substances (Table 4 and 5). According to Table 4 and 5, the ratio mineralization following land clearing and long-term cultivation. The remaining organic matter in the humic of polysac-C/arom-C decreased considerably after clearcutting and subsequent establishment of plantations or substances extracted from the size separates of the agriculturally managed soils was dominated by recalcitrant cultivated fields both in the humic substances extracted clay (from 1.96 and 1.50 to 0.38 and 0.64) and silt (from aromatic-C structures, clearly indicating a change in the composition and structural stability of the SOM followthe composition and biogeochemical cycling of organic C in terrestrial ecosystems. ing long-term land use changes. Hence, it is possible to suggest that synchrotron-based FTIR-ATR spectroscopy is a powerful, non-evasive technique that has po-ACKNOWLEDGMENTS tential to obtain detailed information on the complex uted only to a small portion of the total SOM associated
